We present Large Binocular Telescope spectrophotometric observations of five lowredshift (z < 0.070) compact star-forming galaxies (CSFGs) with extremely high emission-line ratios
INTRODUCTION
Recent studies of low-redshift compact star-forming galaxies (CSFGs) found in the Sloan Digital Sky Survey (SDSS) demonstrated that they are low-mass and low-metallicity galaxies with star formation occuring in short bursts of a few million years duration (e.g. Cardamone et al. 2009; Izotov, Guseva & Thuan 2011; Izotov et al. 2016c ). In the literature, and depending on their redshifts, subsets of these galaxies have been variously called blue compact dwarf (BCD) galaxies at redshifts z < 0.1 (Loose & Thuan 1986; Thuan 2008 ) because of their blue colours, "Green peas" (GPs) which at redshifts of ∼ 0.1 -0.3 appear green on composite SDSS images (Cardamone et al. 2009 ) and luminous compact galaxies (LCGs) with diverse colours in the wider redshift range from 0 to ∼0.6 (Izotov et al. 2011) .
These properties together with the fact that CSFGs and high-redshift star-forming galaxies (SFGs) follow similar mass-metallicity and luminosity-metallicity relations suggest that CSFGs are good local counterparts of the Lymanalpha emitting (LAE) galaxies and Lyman-break galaxies (LBGs) . The presence of strong emission lines in the optical spectra of the H ii regions of CSFGs, powered by ∼ 10 3 -10 5 O-stars which produce plenty of ionizing radiation, make them promising candidates for leaking ionizing radiation into the intergalactic medium (IGM) (Cardamone et al. 2009; Izotov et al. 2011; Jaskot & Oey 2013; Stasińska et al. 2015) . It is indeed thought that dwarf galaxies with similar properties are responsible for the reionization of the Universe at redshifts z , reaching values of up to 60 in some galaxies (Stasińska et al. 2015) . Such high values may indicate that their H ii regions are density-bounded, allowing escape of ionizing radiation into the IGM, as suggested e.g. by Jaskot & Oey (2013) , Nakajima & Ouchi (2014) and Nakajima et al. (2016) . However, that is not the only explanation. A high O32 can also be caused by a low metallicity, a high ionization parameter or a hard ionizing radiation (Jaskot & Oey 2013; Stasińska et al. 2015) . From various emission-line diagnostics, Stasińska et al. (2015) reached the conclusion that CSFGs are in general opaque to ionizing radiation, and that they have low absolute escape fractions, not exceeding 10 percent.
Direct observations of CSFGs at UV wavelengths below the Lyman limit were needed to check for the amount of escaping Lyman continuum (LyC) radiation. Izotov et al. (2016a,b) detected escaping LyC radiation with escape fraction fesc = 7 -13 percent in five CSFGs at redshifts z ∼ 0.3, using the Cosmic Origin Spectrograph (COS) aboard the Hubble Space Telescope (HST). Objects need to be in the redshift range of ∼ 0.3 -0.4 so as to shift the LyC spectral region into the wavelength range where the COS is most sensitive. These LyC leaking galaxies together with four other known LyC leakers at lower redshifts (Leitet et al. 2013; Borthakur et al. 2014; Leitherer et al. 2016) are all characterised by a relatively low O32 8. Our team has been awarded HST time in Cycle 24 to observe CSFGs at z ∼ 0.3 -0.4, with more extreme O32, ∼ 10 -30 (Program GO14635, PI: Y.I.Izotov), but the data are not yet obtained. The number of such extreme galaxies at z 0.3, suitable for HST observations, is very limited in the SDSS because the majority of them are very faint. Many more brighter extreme SDSS CSFGs can be found at lower redshifts, with z 0.3. However, their low redshifts prevent them from being observed with the HST in the Lyman limit range, because this range is not shifted into the spectral region where the COS is most sensitive. Therefore, indirect methods for selecting candidate CSFGs with potential LyC leakage are needed. In the UV range, the profile shape of the Lyα emission line has been proposed as a diagnostic for LyC leaking (Verhamme et al. 2017) . However, UV observations of low-redshift objects can only be done from space and are not readily available. The aim of this paper is to identify line ratio diagnostics in the optical range which, in addition to the high O32 ratio, can be used to select potential LyC leakers from the SDSS. The best candidates can then be followed-up in the UV with the HST to study their Lyα emission line profile and low-ionization (LIS) absorption lines, put constraints on the optical depth of the LyC and derive the escape fraction of leaking ionizing radiation.
In this paper, we have used Large Binocular Telescope (LBT) 1 spectroscopic observations with high signal-to-noise ratio of five CSFGs selected from the SDSS to have extremely high O32 = 23 -43, to develop such optical diagnostics. In Section 2 we describe the sample of CFSGs and the criteria used for their selection. The observations and data reduction are described in Section 3. Element abundances are derived in Section 4. In Section 5 we study the Hα broadline emission. The emission-line diagnostics, which can be used to identify potential LyC leakers, are discussed in Section 6. We summarize our main results in Section 7.
SELECTION OF CSFGS AND THEIR GLOBAL CHARACTERISTICS
From the spectroscopic data base of the SDSS Data Release 12 (DR12) (Alam et al. 2015) , Izotov et al. (2016c) have constructed a sample of ∼ 15000 CSFGs. These objects were selected by their compactness, strong emission lines and absence of AGN spectral features. The sample includes 26 galaxies with extremely high O32, > 20. Out of these, five galaxies have been chosen for LBT observations. Their coordinates, O32, redshifts and apparent SDSS g magnitudes are presented in Table 1 . The composite SDSS images of the selected galaxies are shown in Fig. 1 . They are all characterised by a compact nearly unresolved structure. All five galaxies were detected by Galaxy Evolution Explorer (GALEX) in the UV range and by Wide-field Infrared Survey Explorer (WISE) in the mid-infrared (MIR) range. Their UV and MIR apparent magnitudes are shown in Table 1 . Out of the five CSFGs, three objects, J0159+0751, J1032+4919 and J1205+4551, have very red WISE colours, W 1 − W 2 > 1.5 mag, indicating the presence of hot dust (Izotov et al. 2014a ). The W 1−W 2 colours of the remaining two CSFGs, J1355+4651 and J1608+3528, are however not so red (< 1 mag), implying less dust heating. The location of the five selected galaxies in the (Baldwin, Phillips & Terlevich 1981) is shown in Fig. 2a by filled stars. It is seen that four out of the five CSFGs are more extreme objects compared to the five strong LyC leakers from Izotov et al. (2016a,b ) (large open circles), to the confirmed Lyα emitting GPs of Yang et al. (2017) (small open circles) and to the entire sample of CSFGs (dark-grey dots, Izotov et al. 2016c) . Only one galaxy, J1205+4551, with a higher [N ii]λ6584/Hα ratio and a lower [O iii]λ5007/Hβ ratio, has properties similar to the most extreme LyC leakers and Lyα emitting GPs. The solid line derived by Kauffmann et al. (2003) separates SFGs from active galactic nuclei (AGN). All five CSFGs are located in the SFG region, implying that their interstellar medium is ionized by hot stars in the star-forming regions. However, they lie somewhat below the main sequence defined by the other SFGs in Fig. 2a , a consequence of their lower metallicities.
In Fig. 2b we compare the locations in the O32 - (Baldwin, Phillips & Terlevich 1981) for narrow emission-line galaxies. CSFGs with extremely high O 32 (this paper) are shown by filled stars. For comparison, LyC leaking galaxies (Izotov et al. 2016a,b) and confirmed Lyα leakers (Yang et al. 2017) are represented by open large and small circles, respectively. Also shown are CSFGs from the SDSS DR12 (dark-grey dots, Izotov et al. 2016c ) and SDSS DR7 narrow emission-line galaxies (light-grey dots). The solid line by Kauffmann et al. (2003) separates SFGs from active galactic nuclei (AGNs (Izotov et al. 2016a,b) and known low-redshift (z < 0.1) LyC leaking galaxies (Leitet et al. 2013; Borthakur et al. 2014; Leitherer et al. 2016) are shown by large open circles and open squares, respectively. For comparison, high-z Lyα emitting galaxies (LAEs) by Nakajima & Ouchi (2014) and Nakajima et al. (2016) (open triangles), confirmed low-z Lyα emitting galaxies (Yang et al. 2017 ) (small open circles) are shown. SDSS CSFGs (Izotov et al. 2016c ) are shown by grey dots. Theoretical predictions of optically-thick (case B) photoionized H ii region models with log of filling factor of −0.5 and with the production rate of ionizing radiation Q = 10 53 s −1 for four values of the oxygen abundance 12+logO/H = 7. 3, 7.6, 8.0, and 8.3 are shown by dotted, dashed, dash-dotted and solid lines, respectively.
open circles, Yang et al. 2017) . We show by dotted, dashed, dash-dotted and solid lines the evolutionary sequences predicted by Cloudy photoionization models calculated for four values of the oxygen abundance (the 12+log O/H value labels each curve), for H ii regions ionized only by stellar radiation and that are optically thick (case B). Along the curves, higher modelled O32 values correspond to younger starburst ages and thus to more intense and harder ionizing radiation. It is seen that the selected galaxies are located far above the LAEs, at the extreme of the distribution for SDSS galaxies, implying that they may be good LyC leaking candidates. In Fig. 2b , they lie somewhat apart from the main sequence defined by the other CSFGs because of their lower metallicities. No galaxy with such extreme O32 has been studied until now.
The global characteristics of the CSFGs with extreme O32, derived from their SDSS spectra and GALEX photometry, are shown in ΩΛ=0.682, Ωm=0.318 (Planck Collaboration XVI 2014) . The Hβ luminosities L(Hβ) were derived from the extinction-corrected Hβ fluxes measured in the SDSS spectra. Additionally, L(Hβ) were also corrected for aperture effects using the relation 2.512 r(ap)−r , where r and r(ap) are respectively the SDSS r-band total magnitude and the magnitude within the round spectroscopic SDSS 3 arcsec aperture for galaxies in the SDSS-II and 2 arcsec aperture for galaxies in the SDSS-III. We have also derived extinctioncorrected absolute AB SDSS g-band and GALEX FUV magnitudes.
Using a Monte Carlo method, we have calculated galaxy stellar masses by fitting the spectral energy distribution (SED) of the SDSS spectra corrected for extinction as derived from the observed hydrogen Balmer decrement from the same spectra. The spectral fluxes were also corrected for the finite size of the spectroscopic aperture by comparing the total SDSS r magnitude to the magnitude rap inside the aperture. The Monte Carlo method is described a derived from the LBT spectra. Table 2 . Global characteristics of galaxies e.g. in Izotov et al. (2011 Izotov et al. ( , 2014a . Briefly, a grid of instantaneous burst SEDs in a wide range of ages, ranging from 0 Myr to 15 Gyr, was calculated with the Starburst99 code (Leitherer et al. 1999 to derive the SED of the galaxy stellar component. We adopted Padova stellar evolution tracks (Girardi et al. 2000) , stellar atmosphere models by Lejeune, Buser & Cuisiner (1997) , and the stellar initial mass function by Salpeter (1955) . Then the stellar SED with any star-formation history can be obtained by integrating the instantaneous burst SEDs over time with a specified time-varying star formation rate. Given the electron temperature Te in the H ii region, we interpolated emissivities from Aller (1984) for the nebular continuum in the Te range of 5000 -20000K, including hydrogen and helium free-bound, free-free, and two-photon emission. The emission lines were added to the total, stellar and nebular, continuum with fluxes measured in the SDSS spectra. The star-formation history is approximated assuming a short burst with age < 10 Myr and a prior continuous star formation with a constant SFR.
It is seen from Table 2 that the selected galaxies are dwarf systems with low stellar masses M⋆, ranging from ∼ 10 6 to ∼ 10 7 M⊙. These stellar masses are ∼ 2 orders of magnitude lower than the stellar masses of the z ∼ 0.3 LyC emitters studied by Izotov et al. (2016a,b) . Furthermore, their absolute magnitudes are ∼ 2 mag fainter. The extreme CSFGs are much more metal-poor, with oxygen abundances 12+logO/H between 7.46 and 7.79 (see also section 4). Finally, the equivalent widths of the Hβ emission line in our five CSFGs are very high, ∼ 350 -520Å (see section 3) implying a very high efficiency of the ionizing photon production ξ. These properties are similar to those of some local BCDs (Thuan 2008 ) and of the hypothetical dwarf galaxies thought to be the main contributors to the reionization of the Universe at redshifts z > 5.
OBSERVATIONS AND DATA REDUCTION
In the course of four LBT runs in the period 2013 -2016, we have obtained long-slit spectrophotometric observations in the wavelength range 3200 -10000Å of the galaxies listed in Table 1 with the dual spectrograph MODS1 2 , equipped with two 8022 pix × 3088 pix CCDs. The G400L grating in the blue beam, with a dispersion of 0.5Å/pix, and the G670L grating in the red beam, with a dispersion of 0.8Å/pix, were used. Spectra were obtained with a 1.2 arcsec wide slit, resulting in a resolving power R ∼ 2000.
Three or four 800 s subexposures were obtained for each galaxy, resulting in total exposures of 2400 s or 3200 s (Table 3 ). The airmass was small during the observations of three CSFGs (Table 3) . However, it is somewhat larger (∼ 1.4) during the observations of J1355+4651 and J1608+3528, so that their spectra may be affected by atmospheric refraction. Several spectrophotometric standard stars, obtained during the same nights with a 5 arcsec wide slit, were used for flux calibration and correction for telluric absorption lines in the red part of the spectra. Additionally, calibration frames of biases, flats and argon comparison lamps were obtained during the same nights.
Basic data reduction was done with the MODS Basic CCD Reduction package modsCCDRed 3 , including bias subtraction and flat field correction. Subsequent data reduction including wavelength and flux calibration, and night sky background subtraction was done with IRAF 4 . Cosmic ray hits were manually removed from the background- subtracted frames which were then flux-calibrated. Individual subexposures for each object were co-added. Finally, onedimensional spectra were extracted using the IRAF apall routine.
The resulting rest-frame spectra are shown in Fig present in all spectra, allowing reliable abundance determination. Each panel includes three insets showing expanded parts of the spectra for a better view of particular emission lines of interest. There are several features of note. First, a weak broad component of the Hα emission line is seen in the spectra of all CSFGs. Second, the strength of the He i λ7065 emission line relative to the He i λ6678 emission line varies in a large range. The former line depends more on collisional and fluorescent enhancement than the latter, and variations in their intensity ratios indicate that the physical conditions in the H ii regions of the studied galaxies, as characterized by the electron number density and the optical depth, vary over a wide range. Third, an important feature of all spectra is the very weak [O ii] λ3727 emission line, as compared to the strong [O iii] λ4959, λ5007 emission lines, resulting in unusually high O32. Fourth, in one of the CSFGs, J1205+455, the high-ionization emission line [Ne v] λ3426Å is detected, implying the presence of shocks produced by supernovae (Izotov et al. 2012) .
Emission-line fluxes were measured using the IRAF splot routine. The errors of the line fluxes were calculated from the photon statistics in the non-flux-calibrated spectra and adding a relative error of 1 percent in the absolute flux distribution of the spectrophotometric standards. The line flux errors were propagated in the calculations of the elemental abundance errors.
The observed fluxes were corrected for extinction with the extinction coefficient C(Hβ), derived from the observed decrement of the hydrogen Balmer emission lines. We have adopted the Cardelli, Clayton & Mathis (1989) reddening law with R(V ) = A(V )/E(B − V ) = 3.1, where A(V ) and E(B −V ) are respectively the total extinction in the V band and the selective extinction. Recently, Izotov et al. (2017) by analyzing UV data of CSFGs, have shown that R(V ) may be lower than 3.1 in the UV range. However, in the optical range, at variance with the UV range, reddening laws with different R(V )'s are quite similar. For R(V ) = 3.1, the total extinction is linked to C(Hβ) by the relation A(V ) = 2.11×C(Hβ). The relations for other R(V )'s are given in Izotov et al. (2016a) . We have also assumed that extinctions for nebular and stellar emission are equal, in accord with Izotov et al. (2017) . The extinction-corrected emission line fluxes I(λ) relative to the Hβ fluxes multiplied by 100, the extinction coefficients C(Hβ), the rest-frame equivalent widths EW(Hβ) and the observed Hβ fluxes F (Hβ) are listed in Table 4 . We note that the EW(Hβ)s of the studied CSFGs are very high, ∼ 350 -520Å. They are among the highest ever measured in spectra of SFGs, indicating the bursting nature of the star formation and very young burst ages (< 3 Myr). For comparison, rest-frame EW(Hβ) of ∼ 200Å were found by Izotov et al. (2016a,b) for the five z ∼ 0.3 LyC leakers, indicating somewhat larger burst ages.
We note, however, that the LBT spectra of J1355+4651 J1608+3528 obtained at high air masses are affected by atmospheric refraction. Indeed, the extinction coefficients C(Hβ) for these two objects derived from the SDSS spectra with a wider 3 arcsec aperture are somewhat lower, being respectively 0.065 and 0.20. The respective values of O32 from the SDSS spectra are also lower, being 21 and 35. The effect of the atmospheric refraction is especially important in the LBT spectrum of J1355+4651, therefore its high C(Hβ) of 0.65 is likely overestimated. Taking into account this refraction effect, we conclude that the overall dust extinction in the galaxies studied with the LBT is low.
ELEMENT ABUNDANCES
To determine element abundances, we follow the procedures of Izotov et al. (2006 The electron temperatures Te(O iii) in the studied CSFGs are high (Table 5) , ranging from ∼17000K to ∼21000K. The electron number density Ne(S ii), characteristic of the low-ionization zone of the H ii region, is also relatively high. It ranges from 470 cm −3 to 640 cm −3 in J0159+0751, J1032+4919 and J1205+4551 and is somewhat lower, 190 cm −3 and 260 cm −3 in J1355+4651 and J1608+3528, respectively. This is to be compared with average values of 100 cm −3 generally found for H ii regions in SFGs. Thus, the H ii regions in the selected galaxies with extreme O32 are hot and dense.
Ionic and total heavy element abundances are presented in Table 5 , together with the ionization correction factors ICF for unseen stages of ionization. The derived oxygen abundances are low, ranging from 12+logO/H = 7.46 to 7.79. These values are lower than those derived by Izotov et al. (2016a,b) for the z ∼ 0.3 LyC leaking galaxies (between 7.8 and 8.0). The other heavy element to oxygen abundance ratios are shown in Fig. 4 . Except for nitrogen (Fig. 4a) , the abundance ratios for the CSFGs studied in this paper (filled stars) are similar to those derived for a sample of BCDs with high signal-to-noise ratio spectra (Izotov et al. 2006) shown by dots in Fig. 4 . We note however that the Ar/O ratio for the galaxy J1205+4551 (the most metal-poor object in Fig. 4e ) may somewhat be underestimated. This is because the Ar abundance is determined from the [Ar iii] λ7135Å emission line, which is redshifted to the wavelength ∼ λ7600Å where the telluric absorption is strong. Although we corrected the galaxy spectrum for this effect using a standard star spectrum, one should keep in mind that the spectrum of the standard star has a worse spectral resolution, having been obtained with a 5 arcsec wide slit, while the galaxy was observed with a considerably narrower 1.2 arcsec wide slit.
The only element which shows a large dispersion is nitrogen (Fig. 4a) . While the three highest-metallicity objects in our sample have N/O abundance ratios similar to those obtained for the BCD sample, a higher N/O abundance ratio is found for the two lowest-metallicity galaxies. The most extreme case is the galaxy J1205+4551, with a N/O ratio ∼ 0.8 dex higher than the average value for BCDs at that metallicity. Such a large difference cannot be explained by the nitrogen enrichment of an uniform H ii region, with a constant electron number density (Izotov et al. 2006) . This is however possible in inhomogeneous H ii regions with, for example, dense clumps enriched in nitrogen around massive stars with stellar winds. In this case, nitrogen emission lines would be enhanced because of both higher nitrogen abundances and higher electron number densities in clumps, while oxygen lines would only be enhanced by the latter. Therefore, in such H ii regions, the enhanced N/O abundance ratio is not characteristic of the entire H ii region, but mostly of nitrogen-enriched clumps.
BROAD Hα LINE EMISSION
One of the most interesting features of the CSFG spectra with extreme O32 is the presence of a low-intensity broad component of the Hα emission line in all of them (see insets in Fig. 3) . These broad components with intensities ∼ 1 -10 percent that of the Hα line are seen in a minority of SFG spectra (Izotov, Thuan & Guseva 2007) . They imply the presence in these galaxies of rapid dynamical processes, either expanding envelopes of massive stars with stellar winds or supernova remnants in their early stage of expansion. Our spectra do not show the presence of broad blue (∼ λ4650Å) or red (∼ λ5800Å) bumps, characteristic of Wolf-Rayet stars (see insets in Fig. 3 ), thus ruling out the hypothesis of massive stars with stellar winds. Therefore, the most likely mechanism for broad Hα emission appears to be expanding young supernova remnants in the early stages of their evolution.
In Fig. 5 we present for all five CSFGs the spectral region around the Hα emission line, with the Gaussian fit to the broad component. The flux ratios of broad-to-total Hα emission and the full widths at half maximum (FWHM) in km s −1 of the broad emission are shown in Table 6 . We see that the fraction of broad emission is small (< 3 percent), but that expansion velocities are high, with FWHMs ranging from ∼1700 to ∼2000 km s −1 . Such rapid ionized gas motions may facilitate escape of the resonant Lyα emission from the galaxy. They should be taken into account in models of its transfer through the H ii region.
O32 AND HELIUM LINE INTENSITIES AS DIAGNOSTICS FOR LYMAN CONTINUUM LEAKAGE IN CSFGS
One of the important questions of contemporary cosmology is whether SFGs can lose their ionizing radiation and, if so, in which quantities. The answer to that question has direct consequences on the problem of the reionization of the Universe. It has been suggested that dwarf SFGs at redshifts 5 -10 can be the main contributors of the intergalactic medium ionization, if the escape fraction of their ionizing radiation is 10 percent (Ouchi et al. 2009; Robertson et al. 2013 Robertson et al. , 2015 . Such galaxies could have large O32 because of their low column densities of neutral gas. However, O32 depends also on metallicity, the starburst age, and the ionization parameter which is higher in denser, compact, and more luminous SFGs. Because of these other dependences, Stasińska et al. (2015) have concluded from various emission-line diagnostic diagrams that the escape fraction from photoionized H ii regions cannot exceed 10 percent, even with the highest observed O32. If shocks are present, they can enhance the [O ii] λ3727Å emission line, reducing O32 as compared to the value expected for a density-bounded photoionized H ii region (Jaskot & Oey 2013; Stasińska et al. 2015) . Therefore, other diagnostics in the optical range are needed which are based not only on O32. We propose to use the He i emission lines, that are sensitive to the electron number density and the optical depth, to find densitybounded H ii regions. Helium emission, in contrast to the collisionally excited oxygen lines, is mainly produced via recombination. However, in the presence of a significant electron number density and a large optical depth in some He i emission lines, there can also be contributions from collisional excitation and fluorescent enhancement processes. By examining the intensity ratios of several He i emission lines, we are able to constrain both the electron number density and the optical depth in the H ii region.
In the optical range, the optimal set of He i emission lines for constraining those two quantities consists of a set of three lines: the λ3889Å, λ6678Å and λ7065Å lines. All three lines are sensitive to collisional excitation, with the most sensitive one being the He i λ7065Å line (Benjamin, Skillman & Smits 1999 , 2002 Izotov, Stasińska & Guseva 2013 ). Additionally, the He i λ3889Å and λ7065Å emission lines are also sensitive to fluorescent enhancement. However, the He i λ6678Å emission line intensity is nearly insensitive to this effect. While collisional excitation enhances all lines, the effect of optical depth is different. Thus, a non-negligible optical depth of the He i λ3889Å transition decreases its intensity. The problem, how- ever, with this line is that it is blended with the hydrogen H8 λ3889Å emission line. Therefore, we have subtracted the hydrogen line from the blend, adopting its intensity to be equal to 0.107 that of the Hβ emission line for the electron temperature Te = 15000 -20000K (Storey & Hummer 1995) . As for the He i λ7065Å emission line, its intensity is strongly increased because of both collisional excitation and fluorescence. It is seen in Fig. 3 that the He i λ7065 line in J0159+0751, J1032+4919 and J1205+4551 is much stronger than the He i λ6678 line, indicating higher densities and/or optical depths in these galaxies. On the other hand, in J1355+4651 and J1608+3528, these two lines are comparable in strength, implying lower Ne(He i) and/or optical depths.
Izotov, Thuan & Guseva (2014b) have shown that the electron number density Ne(He i) is correlated with Ne(S ii) in high-excitation H ii regions, although in relatively dense regions, Ne(He i) is somewhat larger than Ne(S ii). Since Ne(He i) is a characteristic of the entire H ii region, while Ne(S ii) is related only to its outer zone and the photodissociation region (PDR) around it, we may conclude that the central part of the H ii region is denser than its outer part. In this paper, we use the He i λ3889/λ6678 and λ7065/λ6678 flux ratios, which depend on both the Ne(He i) and τ (He i λ3889), to check whether this conclusion holds for our five CSFGs as well. For this, we adopt the analytical approximations of the He i line fluxes by Izotov et al. (2013) , based on the He i emissivities of Porter et al. (2012 Porter et al. ( , 2013 . These approximations depend on three parameters, the electron temperature, the electron number density Ne(He i) and the optical depth τ (He i λ3889). For the electron temperature, we adopt Te(O iii) (Table 5 ), while Ne(He i) and τ (He i λ3889) are derived from the extinction-corrected He i λ3889/λ6678 and λ7065/λ6678 flux ratios (Table 4) .
The results of our calculations are shown in Table 7 , where we present the derived Ne(He i) and τ (He i λ3889) and compare the observed and calculated He i λ3889/λ6678 and λ7065/λ6678 flux ratios, together with the low-density case B ratios. By comparing Ne(He i) in Table 7 with Ne(S ii) in Table 5 , we find that Ne(He i) is, in four out of five CSFGs, higher than Ne(S ii), and in one object, J1205+4551, they are comparable. This confirms the result of Izotov et al. (2014b) that, on average, Ne(He i) is higher than Ne(S ii) in H ii regions. Furthermore, in the three CSFGs with a strong He i λ7065 line, J0159+0751, J1032+4919 and J1205+4551, the electron number density and optical depth are considerably higher than in the remaining two galaxies, J1355+4651 and J1608+3528. Since, according to photoionization models of H ii regions, τ (He i λ3889) increases with increasing column density of the neutral gas, we conclude that the former three galaxies are more optically thick to the LyC radiation than the two later ones, although the optical depth in J0159+0751 is considerably smaller than those in J1032+4919 and J1205+4551 (Table  7) .
We further produce a grid of photoionized H ii region models using the Cloudy code c13.04 (Ferland et al. 1998 with fixed neutral hydrogen column densities N (H i), ranging from 10 17 to 10 19 cm −2 , with the lowest and highest values corresponding to two limiting cases of the optical (Izotov et al., 2017, in preparation) is represented by filled circles, while confirmed Lyα emitting galaxies (Yang et al. 2017 ) are shown by small open circles. Cloudy models for a burst with the age of 2 Myr and fixed ionization parameters with three values of the oxygen abundance 12+logO/H = 7.3, 7.6 and 8.0 are shown by solid, dash-dotted and dashed lines, respectively, and those with two values of the electron number density Ne = 100 and 1000 cm −3 are represented by thin and thick lines, respectively. Crosses on the modelled lines correspond to N (H i) ranging from 10 17 cm −2 to 10 19 cm −2 , in steps of 0.5 dex and increasing from right to left. The dotted lines show the evolutionary sequences calculated for Cloudy optically thick models adopting Ne = 1000 cm −3 (thick dotted line) and Ne = 100 cm −3 (thin dotted line) with 12+logO/H = 8.0 and starburst ages varying from 1 Myr to 6 Myr. The age direction is given by the arrow. depth: a low optical depth of ∼0.7 in the Lyman continuum and a high escape fraction f
LyC esc
20 percent, and a high optical depth of ∼70 in the Lyman continuum and a negligible LyC escape fraction.
It has empirically been found from HST observations that the escape fraction f LyC esc of ionizing radiation in low-z leakers increases with increasing O32 (Izotov et al. 2016b ). We wish here to investigate whether this empirical relation can also be predicted by photoionized H ii region models, i.e. are high modelled O32 ratios reliable indicators of the escaping LyC radiation? Similar studies have been conducted by Jaskot & Oey (2013) , Nakajima & Ouchi (2014) and Stasińska et al. (2015) , with somewhat contradictory and inconclusive results. Stasińska et al. (2015) used various emission-line diagnostics of a large sample of BCDs from the SDSS and found that their properties can be fully explained by ionization-bounded H ii region models with a low LyC escape fraction, including galaxies with the highest O32, if the ionizing radiation flux is purely of stellar origin. On the other hand, Jaskot & Oey (2013) and Nakajima & Ouchi (2014) suggested that high O32 may be a good indicator of escaping LyC radiation. However, although some models of Nakajima & Ouchi (2014) do predict higher O32 at higher f LyC esc , they also have models that allow escaping LyC radiation with any O32. Furthermore, modelled O32 ratios in highz Lyα emitting galaxies are a factor ∼ 2-5 too high for their ionization parameters (see fig. 11 in Nakajima & Ouchi 2014) . Thus, by itself, the modelled O32 is a poor indicator of fesc(LyC). It should be combined with some observational data, such as metallicity, various emission-line flux ratios, and the Hβ equivalent width EW(Hβ) which is related to the starburst age and hence to the hardness of the ionizing radiation. Used together, these data would better constrain the physical conditions in the H ii region.
The modelled O32 ratio at a fixed ionization parameter can be decreased to better fit observed ratios if other sources of ionizing radiation, e.g. radiative shocks, are considered (Jaskot & Oey 2013; Stasińska et al. 2015) . Unfortunately, in its present state, the Cloudy code does not include self-consistently both the stellar radiation and the radiation from radiative shocks. Furthermore, the fast radiative shock models in existence consider only shocks propagating through the neutral gas (Allen et al. 2008 ), while in CSFGs, shocks are also likely to propagate through the ionized medium. Additionally, the modelled O32 ratio for a fixed ionization parameter decreases when the starburst age increases (Jaskot & Oey 2013) .
Keeping in mind all these caveats, we have generated a grid of Cloudy models to check the reliability of the modelled O32 ratio as an indicator of LyC leakage. There are many input parameters in the Cloudy models. Some of the parameters can be obtained directly from observations. The chemical composition can be derived from the emission-line intensities in the galaxy spectrum. The rate of ionizing photon production Q and the shape of the ionizing radiation spectrum are determined from the Hβ luminosity and the starburst age. The latter quantity can be derived, for an instantaneous burst, from the Hβ equivalent width EW(Hβ). The electron number density Ne is derived from the observed intensities of [S ii]λ6717, 6731 or from the He i emission lines. The determination of other input parameters, for instance, the inner radius of the H ii region, the turbulent velocity, and the filling factor f , is more complicated. They can be derived by comparing the observed and modelled emission-line intensities for each galaxy.
Our aim here is to study general statistical trends of the galaxy sample. Therefore, we have calculated a grid of models for three different values of the oxygen abundance, 12+logO/H = 7.3, 7.6 and 8.0, and a fixed ionization parameter. For elements heavier than helium, we have adopted their abundances relative to that of oxygen to be the abundance ratios given by Izotov & Thuan (1999) and Izotov et al. (2006) . The helium abundance is chosen from the relation between the helium mass fraction and oxygen abundance of Izotov et al. (2014b) . We also included dust with Orion-like properties, provided by the Cloudy code, and scaling it according to the oxygen abundance. We adopt Q = 10 53 s −1 , which corresponds to the average observed Hβ luminosity in our galaxies, and a shape of the ionizing radiation spectrum corresponding to the Starburst99 model with an age of 2.0 Myr. For the inner radius of the H ii region, we have adopted the value Rin = 50 pc. Reducing Rin by a factor of 10 would result in increasing O32 by a factor of up to ∼ 1.5 in models with N (H i) 10 18 cm −2 , but the He i flux ratios would be changed by not more than 10 percent in models with any N (H i). The models were calculated for two values of the filling factor f with log f = −0.5 and −2.0 and two electron number densities Ne = 100 and 1000 cm −3 . We also set the turbulent velocity to 0.
To investigate the effect of the hardness of the ionizing radiation at a given metallicity, we have calculated additionally, for an oxygen abundance 12+logO/H = 8.0, a set of models with starburst ages in the range 1 -6 Myr, characterized by an equivalent width EW(Hβ) in the range ∼ 50 -500Å (thick dotted lines for Ne = 1000 cm −3 and thin dotted lines for Ne = 100 cm −3 in Fig. 8 ). The other parameters remained the same.
We wish to find the models which fit simultaneously the [O iii]λ5007/Hβ emission-line ratio, the O32 ratio, and the He i line ratios. The results of our model calculations and their comparison with the data are shown in Figs. 6-8. The diagrams [O iii]λ5007/Hβ -O32 and λ7065/λ6678 -O32 for models with log f =−0.5 and log f =−2.0, corresponding to the logarithm of the ionization parameter in the range ∼ −1.5 -−2.5, are presented in Figs. 6a -6b and Figs. 7a -7b, respectively. We note that, for a given metallicity and a given electron number density, the [O iii]λ5007/Hβ ratio changes only slowly with N (H i), while O32 undergoes large variations. It is seen that the location of all extreme CSFGs (filled stars) can be explained by models with log f =−0.5 and high N (H i) (Fig. 6a and 7a) . Alternatively, models with much lower filling factors (log f =−2.0), and correspondingly, with lower ionization parameters, are needed to fit observations with lower modelled N (H i) (Fig. 6b and  7b ). However, in the latter case, the models are unable to reproduce the observed [O iii]λ5007/Hβ ratios (Fig. 6b) , predicting too low values for the galaxy metallicities (Table  5) . Furthermore, the models fail to reproduce the observed line intensity ratios for three out of the five extreme CSFGs in Fig. 7b . Therefore, we conclude that the models with low log f =−2.0, and hence with low ionization parameters, are not likely good fits to our extreme CSFGs.
For comparison, we have also plotted other data sets in those Figures. The first set consists of the LyC leakers studied by Izotov et al. (2016a,b) (large open circles). We find that, in Figs. 6 -7, these objects lie in the region corresponding to high N (H i), irrespective of the value of log f , in apparent disagreement with the relatively high LyC escape fraction observed for these objects. Similarly to the extreme CSFGs, the [O iii]λ5007/Hβ ratios of ∼ 6 in the LyC leakers with oxygen abundances 7.8 -8.0 are well reproduced by models with log f =−0.5 while models with f =−2.0 predict too low values. The second data set shown (filled circles) consists of a sample of high-excitation CSFGs with O32 ∼ 5 -20 and oxygen abundances in the range ∼7.3 -7.8, observed with the LBT (Izotov et al. 2017, in preparation) . The range of the λ7065/λ6678 ratios of the galaxies in the second set is similar to that of CSFGs with extremely high O32. The galaxies are also located in the region corresponding to models with high N (H i). The third set includes Lyα emitting GPs observed with the HST/COS (small open circles, Yang et al. 2017) . These objects, with oxygen abundances of ∼ 8.0, are characterized by O32 ratios in the lowest range, ∼ 2 -10, and they are the most deviant from model predictions. They also have lower [O iii]λ5007/Hβ ratios and lower Hβ equivalent widths EW(Hβ), indicating higher burst ages compared to extreme CSFGs and LyC leakers.
To investigate the effects of age and hence varying the hardness of ionizing radiation we show by dotted lines in Fig. 6 the dependences for optically thick models with a fixed oxygen abundance of 8.0, and Ne of 1000 cm −3 (thick dotted line) and of 100 cm −3 (thin dotted line), and starburst ages varying from 1 Myr to 6 Myr in the direction shown by the arrow. These models indicate that O32 strongly depends not only on the ionization parameter, but also on the hardness of the ionizing radiation. The range of predicted [O iii]λ5007/Hβ ratios is sufficiently large, extending down to < 3 for starburst ages 5 Myr, to account for the observed values. However, the modelled values of O32 remain too high for a fixed [O iii]λ5007/Hβ ratio, and the models indicate high N (H i) for the Lyα emitting GPs.
In Fig. 7 , the modelled O32 span a large range of values (dotted lines) and can reproduce the observed O32 in the Lyα emitting GPs (small open circles, Yang et al. 2017) . However, the lowest O32 (< 1) correspond to large starburst ages ( 5 Myr) and thus to low EW(Hβ) (< 100Å). This is inconsistent with the high EW(Hβ) (> 100Å) and O32( 2), observed by Yang et al. (2017) (Fig. 6a) . These two objects have been observed by Thuan & Izotov (1997) in the UV range with the HST. The Lyα line in the UV spectrum of SBS 0335−052 is in absorption. The neutral hydrogen column density derived from the line profile is very high, 7×10 21 cm −2 (Thuan & Izotov 1997) , implying a very low LyC escape fraction. On the other hand, strong Lyα emission is detected in the UV spectrum of Tol 1214−277, suggesting a high LyC escape fraction. Yet, in spite of that difference, both galaxies with the electron number densities Ne ∼ 200 cm −3 in their H ii regions are characterised by similar O32 ∼ 15 (Izotov et al. 2001 (Izotov et al. , 2009 .
The above discussion implies that O32 derived from photoionized H ii region models are in general too high compared to the observed ones for a fixed ionization parameter and metallicity. Thus it cannot be a sure indicator of escaping Lyα radiation, nor can it indicate escaping LyC radiation and density-bounded H ii regions with certainty. The possible reason for the disagreement between modelled and observed O32 could be due to the fact that the models include only ionizing radiation from stars. If additional sources of gas ionization and heating are included in the model, e.g. radiative shocks producing extreme UV radiation or sources producing X-ray emission, then O32 would be changed. Furthermore, we have considered only homogeneous H ii region models with a constant Ne, although density inhomogeneities may play a role.
More definite conclusions about LyC leakage can however be drawn from the He i emission-line flux ratios. Fig. 8 shows the λ7065/λ6678 -λ3889/λ6678 diagram, where we display the modelled relations between these line ratios for two values of the electron number density and for three values of the oxygen abundance. There is a clear dependence of the relations on metallicity caused presumably by varying electron temperatures in H ii regions, the temperatures being higher for lower metallicities. The He i λ7065/λ6678 ratio also increases with increasing Ne because the λ7065 transition is much more sensitive to collisional enhancement compared to the λ6678 transition. On the other hand, the λ3889 transition is less sensitive to collisional enhancement compared to the λ6678 transition, therefore the He i λ3889/λ6678 ratio decreases with increasing Ne.
The locations of the two out of three extreme CSFGs (non-encircled stars) with the highest λ7065/λ6678 ratios correspond to high column densities (N (H i) 10 19 cm −2 ). On the other hand, the three remaining CSFGs (encircled stars) are located in the region corresponding to low column densities (N (H i) 10 17.5 cm −2 ). This implies that the LyC escape fractions in these three galaxies may be high and that follow-up Lyα observations may be warranted.
It is interesting that the locations of the four LyC leakers at z ∼ 0.3 in Fig. 8a (large open circles) and of the Lyα emitting GPs (small open circles) are consistent with the low N (H i) predicted by the models with high log f . The N (H i) for the Lyα emitting GPs are predicted to be lower than 10
19 cm −2 . However, we note that the He i λ6678Å and λ7065Å line fluxes in LyC leakers measured from the SDSS spectra are somewhat uncertain because of their faintness and their location in a wavelength range that contains numerous residuals of night sky emission lines. Our results are somewhat contradictory with the higher neutral hydrogen column densities derived by Yang et al. (2017) , using radiative transfer models for the Lyα line in the Lyα emitting GPs. Those authors derived column densities N (H i) in the range 10
16 -10 20.6 cm −2 , with an average value of more than 10 19 cm −2 . Their sample includes the five LyC leakers of Izotov et al. (2016a,b) . For one LyC leaker, J1503+3644, Yang et al. (2017) derived a low N (H i) = 10 16.8 cm −2 , but the best fit of N (H i) for the remaining LyC leakers is 10 19 cm −2 , larger than the value that permits LyC escape. Therefore, Yang et al. (2017) suggested that LyC emission in these galaxies probably escapes through holes in the interstellar medium with much lower N (H i).
As for the objects in the sample of CSFGs with O32 ∼ 5 -20 observed with the LBT (filled circles), they are distributed in a region spanning a broad range of λ3889/λ6678 and λ7065/λ6678 line ratios, with a significant fraction of the galaxies characterized by low N (H i) (Fig. 8a ), despite the fact that H ii regions with high λ7065/λ6678 line ratios in some of these galaxies are very dense. It is also interesting to note that the BCD SBS 0335−052 with its Lyα line in absorption is characterized, as expected, by a high N (H i), while the BCD Tol 1214−277 with its Lyα line in emission is characterized by a low N (H i).
Somewhat different conclusions are drawn if we compare the observations with models characterized by a low log f = −2.0. High N (H i) are predicted for many galaxies, including two LyC leakers, if a low electron number density Ne is adopted. In this case, the observed [O iii]λ5007/Hβ ratios are higher than those predicted by the models (Fig.  6b) . Furthermore, the observed electron number densities Ne(S ii) of most LyC leakers (Izotov et al. 2016a,b) and of many Lyα emitting GPs are several times greater than 100 cm −3 , although these values are somewhat uncertain because of large errors. We therefore conclude that the models with a low log f = −2.0 and a low Ne are less likely to fit the data than those with high log f = −0.5 and high Ne. More accurate electron number densities are needed to draw more definite conclusions on the escaping ionizing radiation in the above galaxies.
To investigate the effect of varying hardness of radiation, we show by dotted lines in Fig. 8 the same optically thick models with various starburst ages, as in Figs. 6 -7. They reveal an interesting behaviour. For starburst ages < 4 Myr, the He i emission-line ratios depend weakly on starburst age. However, at larger ages, the He i λ3889/λ6678 ratio increases with starburst age, while the He i λ7065/λ6678 ratio decreases. This behaviour can be understood as a softening of the ionizing radiation, resulting in a decrease of the size of the He + zone and thus in a decrease of the optical depth in the He i λ3889 transition. However, all galaxies considered here have a high EW(Hβ) and thus a younger burst age, consistent with the case where the He i emission-line ratios vary weakly with starburst age.
Thus, based admittedly on a small sample of galaxies with extreme O32, our investigation has shown that the proposed He i emission flux ratios in the optical range can be useful diagnostics for finding Lyα and LyC leaking galaxies.
CONCLUSIONS
In this paper we present Large Binocular Telescope (LBT) spectrophotometric observations of five compact starforming galaxies (CSFGs) with extremely high O32 = 23 -43. CSFGs with such high O32 are thought to be good candidates for leaking LyC radiation. As such, their highredshift counterparts are thought to be the main agents of the reionization of the early Universe. Our goal here is to study the physical conditions and chemical composition of these extreme CSFGs and to investigate whether they can indeed be candidates for LyC leaking galaxies. Our main results are as follows.
1. All spectra show strong emission lines implying the presence of a very young stellar population. This is supported by very high equivalent widths EW(Hβ) of the Hβ emission line with values 370 -520Å, corresponding to a starburst age < 3 Myr. The electron number densities Ne, derived from the [S ii]λ6717/λ6731 flux ratio, are particularly high. They are 190 -260 cm −3 in two CSFGs and higher, 470 -640 cm −3 , in the three others. 2. A strong [O iii] λ4363Å emission line is detected in all objects, allowing element abundance determination by the direct Te method. We find high electron temperatures Te(O iii) ∼ 17000 -21000K and low oxygen abundances 12 + logO/H in the range 7.46 -7.79. The Ne/O, S/O, Cl/O, Ar/O and Fe/O abundance ratios in all five galaxies are similar to those found in low-metallicity blue compact dwarf (BCD) galaxies. The N/O abundance ratios in three CSFGs are low and also consistent with values found for low-metallicity BCDs. On the other hand, in the two remaining galaxies, the nitrogen abundance is higher by up to 0.8 dex, which is too high to be explained by the chemical enrichment of homogeneous H ii regions, with a constant electron number density. Nitrogen-enriched clumps in inhomogeneous H ii regions need to be invoked to explain such high N/O abundance ratios.
3. A broad Hα emission line is detected in the spectra of all CSFGs, indicating the presence of fast dynamical processes, possibly related to young supernova remnants in the early stages of their evolution. The full widths at half maximum of the broad component correspond to velocities of ∼ 1800 -2000 km s −1 . Such rapid ionized gas motions may facilitate the escape of the resonant Lyα emission from the galaxy. In one of the CSFGs, J1205+4551, the highionization emission line [Ne v] λ3426Å is detected, implying the presence of shocks possibly produced by SNe.
4. Various He i emission lines are present in the spectra of the observed CSFGs. We find that the He i λ7065/λ6678 flux ratios in three out of five CSFGs are unusually high, indicating high electron number densities Ne(He i) and/or high optical depths τ (λ3889) in the He i λ3889 emission line. This is consistent with the high electron number densities derived from the [S ii] emission lines. The He i λ7065/λ6678 flux ratios in the remaining two CSFGs are considerably lower, corresponding to a lower Ne(He i) and/or τ (λ3889).
5. We investigate whether the LyC can leak out of these CSFGs by constraining their neutral gas column density N (H i) through Cloudy models, using O32 and the He i emission-line flux ratios. We find that the modelled O32 is not a certain indicator for LyC leakage because it depends also on other parameters, such as the ionization parameter and the hardness of ionizing radiation, the latter depending in turn on the starburst age. Therefore, it alone cannot be used with H ii region models for estimation of the neutral gas column density and the LyC escape fraction. The only reliable way for the determination of the f
LyC esc
is to obtain a well-defined empirical relation, based on a large sample, between f LyC esc and O32, both derived directly from observations. On the other hand, the modelled He i λ3889/λ6678 and λ7065/λ6678 emission-line flux ratios are better indicators of possible LyC leakage. We find that in two CSFGs with high λ7065/λ6678 flux ratios, the neutral gas column density N (H i) is high, 10 19 cm −2 , implying a low LyC escape fraction. However, in the three remaining galaxies N (H i) can be below 10 17.5 cm −2 , suggesting that these galaxies can lose a large fraction of their ionizing radiation, up to 20 percent.
